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(57) ABSTRACT

A sheet structure has: a bundle structure including a plurality
of linear structures made of carbon which are oriented in a
predetermined direction; a covering layer covering the plu-
rality of linear structures made of carbon; and a filling layer
provided between the plurality of linear structures made of
carbon covered with the covering layer. The thickness of the
covering layer is not uniform in a direction crossing the
predetermined direction.
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SHEET STRUCTURE, METHOD OF
MANUFACTURING SHEET STRUCTURE,
AND ELECTRONIC DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority of the prior Japanese Patent Application No. 2012-
112326, filed on May 16, 2012, the entire contents of which
are incorporated herein by reference.

FIELD

The present invention relates to a sheet structure, a method
of manufacturing a sheet structure, and an electronic device.

BACKGROUND

In electronic devices used for a server, a central processing
unit of a personal computer, or the like, in order to improve the
performance, microfabrication of a semiconductor element
has advanced, and the heat generation amount per unit area
has increased. As a result, heat dissipation of the electronic
device is an important problem. Therefore, a structure in
which a heat spreader made of a material having high thermal
conductivity such as copper is disposed via a thermal inter-
face material provided on a semiconductor device is being
used.

The thermal interface material must have high thermal
conductivity and, in addition, must have a characteristic being
in contact with the fine irregularities of the surface of a heat
generation source and a heat spreader.

A thermal conduction sheet is being sought that uses a
linear structure made of carbon represented by a carbon nano-
tube as the thermal interface material. The carbon nanotube is
a material having not only very high thermal conductivity
(1500 W/m-K) but also excellent in flexibility and heat resis-
tance, and has high potential as a heat dissipating material.

As a thermal conduction sheet using a carbon nanotube, a
thermal conduction sheet in which a filling layer made of a
thermoplastic resin is provided among a plurality of linear
structures made of carbon represented by a carbon nanotube
is being presented.

Japanese Laid-open Patent Publication No. 2010-118609

SUMMARY

FIG. 1 is a diagram depicting an electronic device using a
thermal conduction sheet as a thermal interface material.

An electronic device 130 has a semiconductor device 132
disposed over a circuit board 131 via solders 135, a heat
spreader 133, and a thermal conduction sheet 110 disposed
between the semiconductor device 132 and the heat spreader
133.

The thermal conduction sheet 110 has a bundle structure
112 including a plurality of carbon nanotubes 111 made of
carbon oriented in the film thickness direction. The plurality
of carbon nanotubes 111 are oriented in the thickness direc-
tion of the thermal conduction sheet 110 and conduct heat of
the semiconductor device 132 to the heat spreader 133.

In the manufacture of the electronic device 130, first, the
semiconductor device 132 is disposed over the circuit board
131 via the solders 135. Next, the thermal conduction sheet
110 is disposed on the semiconductor device 132. The ther-
mal conduction sheet 110 disposed on the semiconductor
device 132 is covered with the heat spreader 133.
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In the manufacture of the electronic device 130, to solder
the semiconductor device 132 over the circuit board 131, for
example, a reflow process is used. By being heated in the
reflow process, the solders 135 are melted and the circuit
board 131 and the semiconductor device 132 are soldered. By
the reflow process, the filling layer in the thermal conduction
sheet 110 is melted to a liquid state and the thermal conduc-
tion sheet 110 is adhered to the semiconductor device 132 and
the heat spreader 133. The heat spreader 133 is joined to the
circuit board 131 via a joining part 134.

By the heating of the reflow process, the circuit board 131
and the semiconductor device 132 are thermally-expanded.
The thermal expansion coefficient of the circuit board 131
formed by synthetic resin is larger than that of the semicon-
ductor device 132.

Consequently, in the cooled electronic device 130, the
semiconductor device 132 is deformed in a curved shape
which is projected upward. The part in the circuit board 131
joined to the semiconductor device 132 via the solders 135 is
similarly deformed in the curved shape which is projected
upward.

When the semiconductor device 132 is deformed due to the
difference between the thermal expansion coefficient of the
circuit board 131 and that of the semiconductor device 132,
the thermal conduction sheet 110 disposed between the semi-
conductor device 132 and the heat spreader 133 is com-
pressed in the thickness direction. Since the semiconductor
device 132 is deformed so as to be projected upward, the
center part of the thermal conduction sheet 110 is largely
deformed so as to be compressed in the film thickness direc-
tion more than the peripheral part.

The thermal resistance between the carbon nanotubes 111
and the semiconductor device 132 or the heat spreader 133
decreases as the contact pressure increases. In the center part
of the thermal conduction sheet 110, the contact pressure
between the carbon nanotubes 111 and the semiconductor
device 132 or the heat spreader 133 is higher than that in the
peripheral part. Therefore, in the center part of the thermal
conduction sheet 110, the thermal resistance between the
carbon nanotubes 111 and the semiconductor device 132 or
the heat spreader 133 is lower than that in the peripheral part.

The deformation of the semiconductor device 132 there-
fore causes a problem that the thermal conduction in the plane
of the thermal conduction sheet 110 becomes non-uniform.

According to an aspect of the embodiment of a sheet struc-
ture disclosed in the specification, the sheet structure
includes: a bundle structure including a plurality of linear
structures made of carbon which are oriented in a predeter-
mined direction; a covering layer covering the plurality of
linear structures made of carbon; a filling layer provided
between the plurality of linear structures made of carbon
covered with the covering layer. Thickness of the covering
layer is not uniform in a direction crossing the predetermined
direction.

According to an aspect of the embodiment of an electronic
device disclosed in the specification, the electronic device
includes: a heat generating member; a heat dissipating mem-
ber; and a sheet structure including a bundle structure includ-
ing a plurality of linear structures made of carbon which are
oriented in a predetermined direction, a covering layer cov-
ering the plurality of linear structures made of carbon, and a
filling layer provided between the plurality of linear struc-
tures made of carbon covered with the covering layer, thick-
ness of the covering layer being not uniform in a direction
crossing the predetermined direction, and the sheet structure
being disposed between the heat generating member and the
heat dissipating member.
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According to an aspect of the embodiment of a method of
manufacturing a sheet structure disclosed in the specification,
the method includes: forming, on a substrate, a plurality of
linear structures made of carbon which are oriented in a
predetermined direction; forming a covering layer covering
the plurality of linear structures made of carbon so that thick-
ness of the covering layer is not uniform in a direction cross-
ing the predetermined direction; forming a filling layer in
gaps among the plurality of linear structures made of carbon
covered with the covering layer; and peeling off the plurality
of linear structures made of carbon from the substrate.

The object and advantages of the embodiments will be
realized and attained by means of the elements and combina-
tions particularly pointed out in the claims.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention,
as claimed.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram depicting a conventional electronic
device.

FIG. 2 is a diagram depicting an embodiment of an elec-
tronic device disclosed in the specification.

FIG. 3 is a diagram depicting an embodiment of a carbon
nanotube sheet disclosed in the specification.

FIG. 4 is a diagram depicting a state where a plurality of
carbon nanotubes are entangled with one another in the car-
bon nanotube sheet.

FIG. 5 is a diagram depicting another embodiment of a
carbon nanotube sheet disclosed in the specification.

FIG. 6 is a diagram depicting the relation between Young’s
modulus of the carbon nanotube sheet and thickness of a
covering layer.

FIG. 7A is a diagram for illustrating the distribution of
thickness of the covering layer in the carbon nanotube sheet.

FIG. 7B is a diagram for illustrating the distribution of
thickness of the covering layer in the carbon nanotube sheet.

FIG. 8 is a diagram depicting a process (No. 1) of a first
embodiment of a method of manufacturing a carbon nanotube
sheet disclosed in the specification.

FIG. 9 is a diagram depicting a process (No. 2) of the first
embodiment of the method of manufacturing the carbon
nanotube sheet disclosed in the specification.

FIG. 10 is a diagram depicting a process (No. 3) of the first
embodiment of the method of manufacturing the carbon
nanotube sheet disclosed in the specification.

FIG. 11 is a diagram depicting a process (No. 4) of the first
embodiment of the method of manufacturing the carbon
nanotube sheet disclosed in the specification.

FIG. 12 is a diagram depicting a process (No. 5) of the first
embodiment of the method of manufacturing the carbon
nanotube sheet disclosed in the specification.

FIG. 13 is a diagram depicting a process (No. 6) of the first
embodiment of the method of manufacturing the carbon
nanotube sheet disclosed in the specification.

FIG. 14 is a diagram depicting a process (No. 7) of the first
embodiment of the method of manufacturing the carbon
nanotube sheet disclosed in the specification.

FIG. 15 is a diagram depicting a process (No. 8) of the first
embodiment of the method of manufacturing the carbon
nanotube sheet disclosed in the specification.

FIG.16is a diagram depicting a process (No. 1) of asecond
embodiment of a method of manufacturing a carbon nanotube
sheet disclosed in the specification.
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FIG. 17 is a diagram depicting a process (No. 2) of the
second embodiment of the method of manufacturing the car-
bon nanotube sheet disclosed in the specification.

FIG. 18 is a diagram depicting a process (No. 3) of the
second embodiment of the method of manufacturing the car-
bon nanotube sheet disclosed in the specification.

FIG. 19 is a diagram depicting a process (No. 4) of the
second embodiment of the method of manufacturing the car-
bon nanotube sheet disclosed in the specification.

FIG. 20 is a diagram depicting a process (No. 1) of a third
embodiment of a method of manufacturing a carbon nanotube
sheet disclosed in the specification.

FIG. 21 is a diagram depicting a process (No. 2) of the third
embodiment of the method of manufacturing the carbon
nanotube sheet disclosed in the specification.

FIG. 22 is a diagram depicting a process (No. 1) of an
embodiment of a method of manufacturing an electronic
device disclosed in the specification.

FIG. 23 is a diagram depicting a process (No. 2) of the
embodiment of the method of manufacturing the electronic
device disclosed in the specification.

FIG. 24 is a diagram depicting a process (No. 3) of the
embodiment of the method of manufacturing the electronic
device disclosed in the specification.

DESCRIPTION OF EMBODIMENTS

Hereinafter, preferred embodiments of an electronic
device disclosed in the specification will be described with
reference to the drawings. The technical scope of the present
invention is not limited to the embodiments but includes the
invention described in the scope of claims and its equivalents.

FIG. 2 is a diagram depicting an embodiment of an elec-
tronic device disclosed in the specification.

An electronic device 30 of the embodiment has a circuit
board 31 and a semiconductor device 32 disposed over a
circuit board 31. The semiconductor device 32 is electrically
connected to the circuit board 31 via bump-shaped solders 35.

On the semiconductor device 32 as a heat generating mem-
ber, a heat spreader 33 as a heat dissipating member for
diffusing heat from the semiconductor device 32 is disposed
so as to cover the semiconductor device 32. Between the
semiconductor device 32 and the heat spreader 33, a carbon
nanotube sheet 10 is disposed. The heat spreader 33 is joined
to the circuit board 31 by a joining part 34 formed by an
organic sealant or the like.

As described above, in the electronic device 30, a carbon
nanotube sheet 10 is disposed between the semiconductor
device 32 and the heat spreader 33, i.e., between a heat gen-
erating member and a heat dissipation member. The carbon
nanotube sheet 10 is a heat conduction sheet functioning as a
thermal interface material between the semiconductor device
32 and the heat spreader 33.

The carbon nanotube sheet 10 has a bundle structure 12
including a plurality of carbon nanotubes 11 made of carbon
disposed in the film thickness direction and a covering layer
13 covering the carbon nanotubes 11 in the longitudinal direc-
tion.

The carbon nanotube sheet 10 includes a filling layer 14
provided between the plurality of carbon nanotubes 11 cov-
ered with the covering layer 13. The gaps among the plurality
of'carbon nanotubes 11 covered with the covering layer 13 are
filled with the filling layer 14 to maintain the sheet shape.

By heating and cooling in the manufacture of the electronic
device 30, due to the difference in the thermal expansion
coefficient between the semiconductor device 32 and the
circuit board 31, the semiconductor device 32 is deformed in
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a shape which is projected upward toward the heat spreader
33. The part in the circuit board 31 joined to the semiconduc-
tor device 32 via the solders 35 is similarly deformed so as to
be projected upward.

When the semiconductor device 32 is deformed as
described above, the carbon nanotube sheet 10 disposed
between the semiconductor device 32 and the heat spreader
33 is compressed in the film thickness direction. Since the
semiconductor device 32 is deformed so as to be projected
toward the heat spreader 33, the center part of the carbon
nanotube sheet 10 is largely deformed so as to be compressed
in the film thickness direction more than the peripheral part.
Consequently, the thickness in the center part of the carbon
nanotube sheet 10 having predetermined thickness in the
beginning becomes smaller than in the peripheral part.

The deformed carbon nanotube sheet 10 has elasticity in
reaction to the deformation applied in the film thickness
direction, and stress occurs in reaction to the deformation in
the film thickness direction.

In the carbon nanotube sheet 10, the thickness of the cov-
ering layer 13 covering the carbon nanotubes 11 is not uni-
form in the direction orthogonal to the film thickness direc-
tion, and the elastic modulus in the film thickness direction of
the carbon nanotube 11 covered with the covering layer 13
varies in the direction orthogonal to the film thickness direc-
tion. Hereinafter, the direction orthogonal to the film thick-
ness direction of the carbon nanotube sheet 10 will be also
referred to as a plane direction.

The thickness of the covering layer 13 in a portion where
the carbon nanotube sheet 10 is thick is larger than that of the
covering layer 13 in a portion where the carbon nanotube
sheet 10 is thin.

That is, the thickness of the covering layer 13 in the periph-
eral part of the carbon nanotube sheet 10 is larger than that in
the covering layer 13 in the center part. Consequently, the
elastic modulus in the film thickness direction in the periph-
eral part of the carbon nanotube sheet 10 is higher than that in
the center part.

Preferably, the thickness of the covering layer 13 in the
plane direction of the carbon nanotube sheet 10 is set so that
the stress in the film thickness direction in the plane of the
deformed carbon nanotube sheet 10 becomes constant. The
setting of the thickness of the covering layer 13 will be
described later.

Therefore, in the carbon nanotube sheet 10, the contact
pressure between the carbon nanotube 11 and the semicon-
ductor device 32 or the heat spreader 33 in the center part and
that in the peripheral part are almost the same. Consequently,
the thermal resistance between the carbon nanotube 11 and
the semiconductor device 32 or the heat spreader 33 becomes
almost constant in the plane direction of the deformed carbon
nanotube sheet 10 and, accordingly, the thermal conduction is
constant.

In the carbon nanotube sheet 10, since the carbon nano-
tubes 11 are oriented in the film thickness direction, the
thermal conductivity in the film thickness direction is high.
Since the carbon nanotube 11 is provided with the covering
layer 13, by giving elasticity in the film thickness direction to
the carbon nanotube 11, mechanical strength can be
increased. Consequently, mechanical strength of the bundle
structure 12 of the carbon nanotube 11 can be increased, so
that load tolerance of the carbon nanotube sheet 10 can be
improved.

The expression that the carbon nanotubes 11 are oriented in
the thickness direction of the sheet means that the extension
direction of the carbon nanotubes 11 coincides with the film
thickness direction. For example, there is a case that the
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6

carbon nanotubes 11 positioned in the center part of the
deformed carbon nanotube sheet 10 are compressed and
deformed in the film thickness direction, in which case, the
deformed carbon nanotubes 11 still extend in the film thick-
ness direction. Therefore, in the embodiment, the orientation
direction of the carbon nanotubes 11 coincides with the film
thickness direction of the carbon nanotube sheet 10.

The carbon nanotube sheet 10 will now be described more
specifically.

FIG. 3 is a diagram depicting an embodiment of a carbon
nanotube sheet disclosed in the specification.

The carbon nanotube 10 depicted in FIG. 3 is in a state
before it is installed in an electronic device. The carbon nano-
tube 10 is not deformed but is flat and has constant thickness.
The shape of the carbon nanotube sheet 10 in plan view is,
preferably, is the same as or slightly larger than the semicon-
ductor device 32.

As depicted in FIG. 3, the carbon nanotube sheet 10 has a
plurality of carbon nanotubes 11 disposed at intervals. The
carbon nanotube 11 is a linear structure made of carbon. The
carbon nanotube 11 may be either a single-layer carbon nano-
tube or a multilayer carbon nanotube.

In the carbon nanotube sheet 10, the plurality of carbon
nanotubes 11 are oriented in the thickness direction of the
sheet, that is, the direction crossing the plane of the sheet.
Preferably, the surface density of the carbon nanotube 11 is,
although not limited, 1x10'° pieces/cm? or higher from the
viewpoint of heat dissipation and electric conductivity. The
plurality of carbon nanotubes 11 are formed in closely pro-
vided tubes to form the bundle structure 12. The diameter
(average value) of the carbon nanotube 11 is, although not
limited, for example, 25 nm.

The length of the carbon nanotube 11 is determined
according to the usage of the carbon nanotube sheet 10 and
can be preferably set to the value of about 5 um to 500 pm. In
the case of using the carbon nanotube sheet 10 as a thermal
interface material formed between a heat generating member
(for example, the semiconductor device) and a heat dissipat-
ing member (for example, the heat spreader), at least, the
length is desirably at least a length in which the uneven
surface of the heat generating member and the heat dissipat-
ing member is buried.

As depicted in FIG. 3, the carbon nanotube 11 is provided
with the covering layer 13 covering the carbon nanotube 11 in
the longitudinal direction. Preferably, the covering layer 13 is
formed so as to cover the surface extending from one end to
the other end in the longitudinal direction of the carbon nano-
tube 11.

The covering layer 13 has a function of enhancing the
mechanical strength of the carbon nanotube 11 and, accord-
ingly, has a function of increasing the mechanical strength of
the bundle structure 12 of the carbon nanotube 11. In this
regard, more preferably, the covering layer 13 is formed so as
to cover continuously the entire surface extending from one
end to the other of the carbon nanotube 11. The covering layer
13 may not cover a part of the surface of the carbon nanotube
11 as long as it has the function of increasing the mechanical
strength.

The covering layer 13 may be formed as a thin film on the
carbon nanotube 11 or may be formed so as to cover the
surface of the carbon nanotube 11 as an ensemble of particles.
The shape of the covering layer 13 is not limited as long as the
covering layer 13 has the function of increasing the mechani-
cal strength.
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Preferably, by providing the carbon nanotube 11 with the
covering layer 13, the carbon nanotube sheet 10 has elasticity
in reaction to deformation given in the film thickness direc-
tion.

The end(s) of the carbon nanotube 11 may be covered with
the covering layer 13. Although FIG. 3 depicts the structure
that only one of the ends of the carbon nanotube 11 is covered
with the covering layer 13, both ends may be covered with the
covering layer 13.

In the case of using the carbon nanotube sheet 10 in which
the ends of the carbon nanotubes 11 are covered with the
covering layer 13 as a thermal interface material formed
between the heat generating member and the heat dissipating
member, the covering layer 13 formed at the end of the carbon
nanotube 11 is interposed between the heat generating mem-
ber or the heat dissipating member and the carbon nanotube
11.

Consequently, the material of the covering layer 13 is,
preferably, although not limited, a material whose thermal
conductivity is higher than the thermal conductivity (about
0.1 W/m-'K) of a thermoplastic resin which will be described
later. The reason is that, if the thermal conductivity of the
covering layer 13 is lower than that of the thermoplastic resin,
there is the case that thermal resistance between the heat
generating member and the heat dissipating member becomes
higher than that in the case where the thermoplastic resin
remains between the carbon nanotube and the heat generating
member and the heat dissipating member.

Further, the material of the covering layer 13 is desirably a
material having thermal conductivity higher than that per unit
area of the bundle structure 12 of the carbon nanotubes 11. In
this case, even if the covering layer 13 is interposed between
the heat generating member or the heat dissipating member
and the carbon nanotube, it does not deteriorate the high
thermal conductivity of the carbon nanotube 11. By the cov-
ering layer 13 formed in the carbon nanotube 11, an addi-
tional thermal conductive path is formed between the heat
generating member and the heat dissipating member. When
the thermal conductivity per carbon nanotube is 1,500
W/m-K, the diameter of the carbon nanotube is 20 nm, and the
surface density of the carbon nanotube is 1x10'%cm?, the
thermal conductivity per unit area of the bundle structure 12
of the carbon nanotube 11 is about 47.1 W/m-K.

As the material of the covering layer 13, although not
limited, for example, an oxidized metal such as aluminum
oxide (Al,0;) or zinc oxide (ZnO) can be used. Alternatively,
ametal such as copper (Cu), ruthenium (Ru), or platinum (Pt)
can be used.

Preferably, the thickness (average value) of the covering
layer 13 is, for example, 100 nm or less. When the thickness
of'the covering layer 13 is increased excessively, the flexibil-
ity the carbon nanotube 11 originally has deteriorates, it
becomes difficult for the plurality of carbon nanotubes 11 to
be bent so as to follow the uneven shape of the surface of the
heat generating member and the heat dissipating member, and
the number of carbon nanotubes which are coupled to the heat
generating member and the heat dissipating member without
afilling layer 14 decreases. Since the mechanical strength that
the bundle structure 12 of the carbon nanotube 11 originally
has varies according to the surface density of the carbon
nanotube 11, the permissible thickness of the covering layer
13 also depends on the surface density of the carbon nanotube
11. However, from the viewpoint of the heat dissipation and
electric conductivity, since a predetermined lower limit value
exists in the surface density itself of the carbon nanotube 11,
the permissible thickness of the covering layer 13 also has the
upper limit value as described above.
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The filling layer 14 is formed in the gaps among the carbon
nanotubes 11 in which the covering layer 13 is formed, and
the carbon nanotubes 11 are supported by the filling layer 14.
The filling layer 14 is, although not limited, for example, a
thermoplastic resin.

The state of the thermoplastic resin as the material of the
filling layer 14 changes reversibly between a liquid and a
solid in accordance with temperature. The thermoplastic resin
is not limited as long as it is a solid at room temperature,
changes to a liquid state when heated, and returns to a solid
while expressing adhesiveness when cooled. The thermoplas-
tic resin as the material of the filling layer 14 may be properly
selected on the basis of the melting temperature of the ther-
moplastic resin in accordance with the purpose of using the
carbon nanotube sheet 10. As such a thermoplastic resin, for
example, a hot-melt resin can be used.

Although not depicted in FIG. 3 for simplification, in the
actual bundle structure 12 of the carbon nanotubes 11, as
depicted in FIG. 4, at least a part of a plurality of carbon
nanotubes are formed so as to be entangled with each other.
Consequently, in the actual bundle structure 12 of the carbon
nanotubes 11, the neighboring carbon nanotubes 11 support
one another.

Inthe carbon nanotube sheet 10, as depicted in FIG. 5, both
ends of the carbon nanotubes 11 may be exposed from the
filling layer 14.

With the configuration, when the carbon nanotube sheet 10
comes into contact with the heat generating member or the
heat dissipating member, the carbon nanotubes 11 are
coupled to the heat dissipating member or the heat generating
member without the filling layer 14, so that thermal conduc-
tivity can be largely increased. Since the carbon nanotube 11
also has electric conductivity, by exposing both ends of the
carbon nanotube 11, the carbon nanotubes 11 can be used as
wiring bodies penetrating the sheet. That is, the carbon nano-
tube sheet 10 of the embodiment can be used not only as the
thermal conduction sheet but also as a vertical wiring sheet.

Next, the setting of the thickness of the covering layer 13
will be described using the following concrete example.

FIG. 6 is a diagram depicting the relation between Young’s
modulus of the carbon nanotube sheet and thickness of the
covering layer.

FIG. 6 depicts a result of examining the relation between
the Young’s modulus in the film thickness direction of the
carbon nanotube sheet formed so that the thickness of the
covering layer in the plane direction of the sheet is constant
and the thickness of the covering layer. The length of the
carbon nanotube was 60 um, and aluminum oxide was used as
the material of the covering layer. Using atomic layer depo-
sition (ALD), the covering layer was formed. Hereinafter, the
carbon nanotube sheet may be also called a CNT sheet.

The carbon nanotube sheet used to generate the graph was
elastic deformed and did not show elasticity when the thick-
ness of the covering layer was less than 10 nm. Therefore, to
give elasticity in the thickness direction of the carbon nano-
tube sheet, the thickness of the covering layer has to be set to
10 nm or larger.

First, the deformation amount of the semiconductor device
as the heat generating member is obtained. The deformation
amount of the semiconductor device can be obtained, for
example, by examining the shape of the semiconductor
device deformed in the manufactured electronic device.

Next, the deformation amount of the carbon nanotube sheet
caused by upward bending of the semiconductor device
toward the heat spreader is obtained. Since the initial thick-
ness of the carbon nanotube sheet is constant and the interval
between the semiconductor device and the heat spreader is
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constant, the carbon nanotube sheet is deformed so that the
thickness decreases only by the amount of upward deforma-
tion of the semiconductor device.

It is assumed that, from examining the shape of the semi-
conductor device, the deformation amount in the center part
of the carbon nanotube sheet is 50 um and the deformation
amount in the peripheral part is 10 um.

It is also assumed that the thickness of the covering layer in
the center part of the carbon nanotube sheet is 10 nm. When
the relation of FIG. 6 is used, the Young’s modulus in the
center part of the carbon nanotube sheet 10 is 0.7 GPa. The
thickness of the covering layer in the center part of the carbon
nanotube sheet is not limited.

In the center part of the carbon nanotube sheet 10, the
deformation amount in the thickness direction is 50 um and
the Young’s modulus is 0.7 GPa, so that the stress in the
thickness direction of the center part is 35 GPapm.

To obtain the same stress (35 GPapm) in the thickness
direction also in the peripheral part of the carbon nanotube
sheet 10 as that in the center part, using the fact that the
deformation amount in the thickness direction of the periph-
eral part is 10 um, it is sufficient to set the Young’s modulus to
3.5 Gpa.

It is understood from the relation of FIG. 6 that the Young’s
modulus of 3.5 Gpa is obtained by setting the thickness of the
covering layer 13 to 12 nm.

In such a manner, the thickness of the covering layer 13 in
the center part and that in the peripheral part in the carbon
nanotube sheet 10 are set. The thickness of the covering layer
13 in the other part in the carbon nanotube sheet 10 can be
similarly set on the basis of the deformation amount of the
semiconductor device.

FIG. 7A is a diagram depicting an example of the distribu-
tion of thickness of the covering layer 13 in the case where the
shape of the carbon nanotube sheet 10 in plan view is rect-
angle. The line of an oval shape in FIG. 7A is obtained by
connecting parts having the same thickness in the covering
layer 13. In the case where the shape of the semiconductor
device is rectangle, the shape of the carbon nanotube sheet 10
is the same rectangle shape. FIG. 7A depicts an example of
the distribution of thickness of the covering layer 13.

FIG. 7B is a diagram depicting an example of the distribu-
tion of thickness of the covering layer 13 in the case where the
shape of the carbon nanotube sheet 10 in plan view is square.
The line of a circle in FIG. 7B is obtained by connecting parts
having the same thickness in the covering layer 13. In the case
where the shape of the semiconductor device is square, the
shape of the carbon nanotube sheet 10 is the same square
shape. FIG. 7B depicts an example of the distribution of
thickness of the covering layer 13.

The relation between the Young’s modulus and the thick-
ness of the covering layer depicted in FIG. 6 is an example
used to illustrate the way of thinking of setting the thickness
of'the covering layer 13. The Young’s modulus of the carbon
nanotube changes according to a condition such as length,
density, or diameter of the carbon nanotube even when the
same material of the covering layer is used. The relation
between the Young’s modulus and the thickness of the cov-
ering layer depicted in FIG. 6 changes according to the mate-
rial of the covering layer even when the same carbon nano-
tube is used.

Hereinafter, a preferred first embodiment of a method of
manufacturing the carbon nanotube sheet 10 will be
described with reference to FIGS. 8 to 15.

First, as depicted in FIG. 8, a substrate 20 as a base for
forming the carbon nanotube sheet 10 is prepared. As the
substrate 20, a semiconductor substrate such as a silicon
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substrate, an insulating substrate such as an alumina (sap-
phire) substrate, an MgO substrate, or a glass substrate, a
metal substrate, or the like can be used. Any of the substrates
on which a thin film is formed may be also used. For example,
a silicon substrate on which a silicon oxide film having a
thickness of about 300 nm is formed can be used.

The substrate 20 is peeled off after growth of the carbon
nanotubes 11. Consequently, the substrate 20 is desired not to
be transformed by growth temperature ofthe carbon nanotube
11. Preferably, at least the surface coupled to the carbon
nanotube 11 is made of a material which can be easily peeled
off from the carbon nanotube 11.

As depicted in FIG. 9, on the substrate 20, an Fe (iron) film
having a thickness of 2.5 nm is formed by, for example,
sputtering to form an Fe catalyst layer 21. The catalyst layer
21 does not always have to be formed on the entire surface of
the substrate 20 but may be selectively formed on a predeter-
mined region of the substrate 20 by using, for example, the
lift-off method.

As the catalyst metal, other than Fe, Co (cobalt), Ni
(nickel), Au (gold), Ag (silver), Pt (platinum), or an alloy
containing at least one of the materials may be used. As the
catalyst, other than a metal film, metal particles fabricated by
controlling the size in advance using a differential mobility
analyzer (DMA) or the like may be used. In this case as well,
metallic species may be similar to those in the case of a thin
film.

As a foundation layer of the catalyst metal, a film made of
Mo (molybdenum), Ti (titanium), Hf (hatnium), Zr (zirco-
nium), Nb (niobium), V (vanadium), TaN (tantalum nitride),
TiSix (titanium silicide), Al (Aluminum), Al,O; (aluminum
oxide), TiOx (titanium oxide), Ta (tantalum), W (tungsten),
Cu (copper), Au (gold), Pt (platinum), Pd (palladium), TiN
(titanium nitride), or the like or a film made of an alloy
containing at least one of the materials may be formed.

Next, on the substrate 20, for example, by hot-filament
CVD, the carbon nanotube 11 is grown using the catalyst
layer 21 as a catalyst. As growth conditions of the carbon
nanotube 11, for example, mixture gas of acetylene and argon
(partial pressure ratio 1:9)is used as the material gas, total gas
pressure in a film forming chamber is 1 kPa, hot filament
temperature is 1,000° C., and growth time is 25 minutes.
Under the growth conditions, a multilayer carbon nanotube
having an average number of layers of about five, an average
diameter of 25 nm, and a length of 50 um (growth rate: 2
um/min) can be grown.

The carbon nanotube may be formed by another film form-
ing method such as thermal CVD or remote plasma CVD. The
carbon nanotube to be grown may be a single-layer carbon
nanotube. As the carbon material, other than acetylene,
hydrocarbons such as methane and ethylene, alcohols such as
ethanol and methanol, and the like may be used.

By the above-described processes, as depicted in FIG. 10,
the bundle structure 12 including a plurality of carbon nano-
tubes 11 oriented in the normal direction of the substrate 20
(vertical orientation) is formed on the substrate 20. Although
not depicted in FIG. 10 for simplification, the bundle structure
12 of the actual carbon nanotubes 11 is formed so that the
plurality of carbon nanotubes 11 are entangled with one
another as depicted in FIG. 4.

In the carbon nanotube 11 formed under the above-de-
scribed growth conditions, the surface density of the carbon
nanotubes 11 is about 1x10'* pieces/cm?. It corresponds to
the state that the carbon nanotubes 11 are formed in an area of
about 10% of the surface area of the substrate 20.

As depicted in FIG. 11, a shield plate 22 is disposed so as
to cover a part of the plurality of carbon nanotubes 11. In the
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embodiment, the shield plate 22 is disposed above the center
part of the substrate 20. The shield plate 22 has the function of
blocking direct supply of the material gas forming the cover-
ing layer 13 to the carbon nanotubes 11.

Next, as depicted in FIG. 12, the covering layer 13 is
formed on the carbon nanotubes 11 by using atomic layer
deposition (ALD). The material gas forming the covering
layer 13 is passed from above the substrate 20 toward the
substrate 20. The material gas is directly supplied to the
carbon nanotubes 11 which are not covered with the shield
plate 22. However, the material gas is not directly supplied to
the carbon nanotubes 11 covered with the shield plate 22. To
the carbon nanotubes 11 covered with the shield plate 22, the
material gas is supplied so as to be diffused from ends of the
shield plate 22 toward the inside.

Therefore, the supply amount of the material gas to the
carbon nanotubes 11 covered with the shield plate 22 is
smaller than that to the carbon nanotubes 11 which are not
covered with the shield plate 22.

Also in the part of the carbon nanotubes 11 covered with
the shield plate 22, the material gas supply amount varies
according to the positions of the carbon nanotubes 11. The
amount of the material gas supplied to the carbon nanotubes
11 positioned below the center of the shield plate 22 is smaller
than that to the carbon nanotubes 11 positioned below the
ends of the shield plate 22. In the embodiment, from the
viewpoint of giving elasticity in the thickness direction, the
covering layer 13 is formed also for the carbon nanotubes 11
positioned below the center of the shield plate 22.

As described above, the thickness of the covering layer 13
formed on the carbon nanotube 11 is controlled by the mate-
rial gas supply amount. That is, the covering layer 13 of the
carbon nanotube 11 which is not covered with the shield plate
22 is formed most thickly. In the part of the carbon nanotubes
11 covered with the shield plate 22, the covering layer 13 is
formed so that its thickness decreases from the ends of the
shield plate 22 toward the center. That is, the covering layer 13
is formed so that the thickness of the covering layer 13 is not
uniform in the direction crossing the orientation direction of
the carbon nanotubes 11.

As described with reference to FIG. 6, the concrete thick-
ness of the covering layer 13 is set so that the bundle structure
12 including the plurality of carbon nanotubes 11 formed on
the substrate 20 has predetermined Young’s modulus with
respect to the amount of deformation given in the thickness
direction. The distribution in the plane direction of the thick-
ness of the covering layer 13 is properly adjusted by changing
the position, dimension, or shape of the shield plate 22 and
film forming conditions such as the material gas supply
amount.

FIG. 13 depicts a state in which the covering layer 13 is
formed in the entire surface of the substrate 20 on which the
bundle structure 12 of the carbon nanotubes 11 is formed.
Preferably, the covering layer 13 is formed so as to cover the
plurality of carbon nanotubes 11 in the longitudinal direction.
Preferably, the covering layer 13 is formed so as to cover the
surface extending from one end to the other end in the longi-
tudinal direction of the carbon nanotube 11. More preferably,
the covering layer 13 is formed so as to continuously cover the
entire surface extending from one end to the other end of the
carbon nanotube 11.

The inventors of the present invention have found that, for
formation of the covering layer 13 so as to cover the plurality
of carbon nanotubes 11 in the longitudinal direction of the
carbon nanotubes 11, although not limited, the ALD is suit-
able. The bundle structure 12 of the carbon nanotubes 11 has
a form that an large number of carbon nanotubes 11 are
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densely provided in a small area. Consequently, the region
generated in the gap between the plurality of carbon nano-
tubes 11 becomes a recessed part having an high aspect ratio.
The inventors of the present invention have found that, to
form the covering layer 13 so as to cover the plurality of
carbon nanotubes 11 in the longitudinal direction of the cov-
ering layer 13, the film forming method realizing high cov-
erage is desirable also in the recessed part having high aspect
ratio. The inventors of the present invention paid attention to
the fact that the ALD is the film forming method realizing
high coverage also in the recessed part having high aspect
ratio and found that the ALD is a preferred film forming
method.

Although the end on the side opposite to the substrate 20 of
the carbon nanotube 11 is covered with the covering layer 13,
the end on the substrate 20 side is not covered. The invention,
however, is not limited to this form.

Although the covering layer 13 can cover the neighboring
carbon nanotubes 11 as a continuous film, the invention is not
limited to the form. The neighboring carbon nanotubes 11
may be covered as independent two or more films with the
covering layer 13.

With respect to the plurality of carbon nanotubes 11
entangled with one another as depicted in FIG. 4, the covering
layer 13 can cover the neighboring carbon nanotubes 11 as a
continuous film so as to connect the neighboring carbon
nanotubes.

As the material of the covering layer 13, although not
limited, for example, an oxidized metal such as aluminum
oxide (Al,O;) or zinc oxide (ZnO) can be used. Alternatively,
ametal such as copper (Cu), ruthenium (Ru), or platinum (Pt)
can be used.

The covering layer 13 can be formed by using aluminum
oxide. The film forming conditions in this case are that, for
example, trimethylaluminum (AL(CH,),) and water (H,O)
are used as material gas, and film forming temperature is 200°
C.

The thermal conductivity of aluminum oxide is about 30
W/m-K. That is, the thermal conductivity of aluminum oxide
is higher than the thermal conductivity (about 0.1 W/m-K) of
thermoplastic resin but is lower than the thermal conductivity
(about 47.1 W/m-K) per unit area of the bundle structure 12 of
the carbon nanotubes 11.

The covering layer 13 can be formed by using zinc oxide.
The film forming conditions are that, for example, diethyl
zine (Zn(C,Hs),) and water (H,O) are used as material gas,
and film forming temperature is 200° C.

The thermal conductivity of zinc oxide is about 54 W/m-K.
That is, the thermal conductivity of zinc oxide is higher than
the thermal conductivity (about 47.1 W/m-K) per unit area of
the bundle structure 12 of the carbon nanotubes 11.

The covering layer 13 can be formed by using copper. The
film forming conditions in this case are that, for example,
bis(N—N-diisopropylacetoamidinato) copper (I) and hydro-
gen (H,) are used as material gas, and film forming tempera-
ture is 190° C.

The thermal conductivity of copper is about 390 W/m-K.
That is, the thermal conductivity of copper is higher than the
thermal conductivity (about 47.1 W/m-K) per unit area of the
bundle structure 12 of the carbon nanotubes 11.

Further, as the material of the covering layer 13, any mate-
rial can be employed as long as a film can be formed by using
the material by the ALD. Main materials from which a film
can be formed by the ALD include, for example, titanium
oxide, hafnium oxide, iron oxide, indium oxide, lanthanum
oxide, molybdenum oxide, niobium oxide, nickel oxide,
ruthenium oxide, silicon oxide, vanadium oxide, tungsten
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oxide, yttrium oxide, zirconium oxide, manganese, iron,
cobalt, nickel, copper, silver, lanthanum, and the like.

As depicted in FIG. 14, on the carbon nanotubes 11 on
which the covering layer 13 is formed, a thermoplastic resin
formed in a film state (thermoplastic resin film 23) is formed.
Preferably, the thickness of the thermoplastic resin film 23 is
properly set according to the length of the carbon nanotube
11. For example, in the case of forming the carbon nanotube
sheet 10 depicted in FIG. 3, about 5 um to 500 um which is
almost the same as the length of the carbon nanotube 11 is
preferable. For example, in the case of forming the carbon
nanotube sheet 10 depicted in FIG. 5, about 4 um to 400 pm
which is slightly smaller than the length of the carbon nano-
tube 11 is preferable.

An example of the thermoplastic resin of the thermoplastic
resin film 23 is a hot-melt resin. Examples of the hot-melt
resin include a polyamide hot-melt resin, a polyester hot-melt
resin, polyurethane hot-melt resin, a polyolefin hot-melt
resin, ethylene copolymer hot-meltresin, SBR hot-melt resin,
EVA hot-melt resin, and butyl rubber hot-melt resin.

Next, the substrate 20 on which the thermoplastic resin film
23 is mounted is heated, for example, at a temperature of 195°
C. The thermoplastic resin of the thermoplastic resin film 23
is melted and gradually penetrates in the gaps of the carbon
nanotubes 11 on which the covering layer 13 is formed. In
such a manner, as depicted in FIG. 15, the thermoplastic resin
film 23 is allowed to penetrate so as to not reach the surface of
the substrate 20.

By preliminarily processing the thermoplastic resin in a
sheet state, the amount of the filling layer can be controlled by
the thickness of the sheet film. Thus, by controlling heating
temperature and heating time, the filling layer can be con-
trolled so as not to reach the substrate 20.

The penetration of the thermoplastic resin film 23 is
stopped before it reaches the substrate 20 to facilitate peeling
of the carbon nanotube sheet 10 from the substrate 20. In the
case such that the carbon nanotube sheet 10 can be easily
peeled off from the substrate 20, penetration of the thermo-
plastic resin film 23 may reach the substrate 20.

The thickness of the thermoplastic resin film 23 penetrat-
ing in the gaps in the carbon nanotubes 11 on which the
covering layer 13 is formed can be controlled by heat treat-
ment time. For example, for the carbon nanotube 11 having a
length of 100 um grown by the above-described conditions,
by performing heat treatment at 195° C. for one minute, the
thermoplastic resin film 23 can be allowed to penetrate even
to the degree that the film 23 does not reach the substrate 20.

Preferably, the heating time of the thermoplastic resin film
23 is properly set so that the thermoplastic resin film 23
penetrates to the degree that it does not reach the surface of the
substrate 20 in accordance with the length of the carbon
nanotube 11, viscosity when the thermoplastic resin melts,
thickness of the thermoplastic resin film 23, and the like.

Although it is preferable to preliminarily process the ther-
moplastic resin into a film shape, the shape of the thermoplas-
tic resin may be a pellet or rod shape.

Next, the thermoplastic resin film 23 is allowed to penetrate
to a predetermined position, cooled to room temperature, and
solidified. As a result, as depicted in FIG. 15, the filling layer
14 filling the gaps among the carbon nanotubes 11 on which
the covering layer 13 is formed is obtained.

Subsequently, the carbon nanotubes 11 on which the cov-
ering layer 13 is formed and the filling layer 14 are peeled off
from the substrate 20. When the filling layer 14 (the thermo-
plastic resin film 23) is formed so as not to reach the substrate
20 as described above, joint between the carbon nanotubes 11
on which the covering layer 13 and the substrate 20 is weak,
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so that the carbon nanotubes 11 on which the covering layer
13 is formed can be easily peeled off from the substrate 20.

At the time of peeling off the carbon nanotubes 11 on
which the covering layer 13 is formed from the substrate 20,
the covering layer 13 (not depicted) formed on the surface of
the catalyst layer 21 between the neighboring carbon nano-
tubes 11 is not peeled off from the catalyst layer 21 but
remains on the surface of the catalyst layer 21.

As described above, as depicted in FIG. 3, the carbon
nanotube sheet 10 in which the filling layer 14 is provided in
the gap between the plurality of carbon nanotubes 11 on
which the covering layer 13 is formed is obtained.

Hereinafter, a preferred second embodiment of the method
of manufacturing the carbon nanotube sheet 10 will be
described with reference to FIGS. 16 to 19.

The manufacturing method of the embodiment has the
same processes as those of the first embodiment until the
process depicted in FIG. 10. In the second embodiment, how-
ever, the dimension of the substrate 20 is larger than that in the
first embodiment.

FIG. 16 depicts a state where the plurality of carbon nano-
tubes 11 oriented in the normal direction of the substrate 20
(vertical orientation) are formed on the substrate 20.

Next, as depicted in FIG. 17, a part of the plurality of
carbon nanotubes 11 is removed from the substrate 20, and a
region R in which the carbon nanotubes 11 are not formed is
obtained. The portion on the inside of the region R will
become a carbon nanotube sheet. Therefore, the shape of the
region R in plan view draws the contour of the carbon nano-
tube sheet. As a method of removing the carbon nanotubes 11
from the substrate 20, for example, a jig having a tip on which
an adhesive is applied is pressed on the substrate 20 to adhere
the carbon nanotube 11 by the adhesive, and the carbon nano-
tube 11 is removed.

Subsequently, as depicted in FIG. 18, the covering layer 13
is formed above the carbon nanotubes 11 by using the atomic
layer deposition (ALD). The material gas forming the cover-
ing layer 13 is passed from above the substrate 20 toward the
substrate 20.

Therefore, the material gas is supplied from above the
substrate 20 to each of the carbon nanotubes 11. The material
gas flowed to the region R goes to the catalyst layer 21 without
forming the covering layer above the carbon nanotubes 11, is
blocked by the catalyst layer 21, and diffused to the plane
direction of the substrate 20. Consequently, to the carbon
nanotubes 11 positioned around the region R, the material gas
is supplied from the sides. The amount of the material gas
diffused from the region R to the plane direction of the sub-
strate 20 decreases with distance from the carbon nanotube 11
positioned near the region R.

In such a manner, the thickness of the covering layer 13
formed on the carbon nanotube 11 is controlled by the supply
amount of the material gas. That is, the covering layer 13
formed on the carbon nanotube 11 positioned near the region
R is the thickest. With the distance from the region R, the
thickness of the covering layer 13 formed decreases. The
covering layer 13 on the carbon nanotube 11 positioned in the
center between the two regions R is formed most thinly. That
is, the covering layer 13 is formed so that its thickness is not
uniform in the direction crossing the orientation direction of
the carbon nanotubes 11.

The distribution in the plane direction of the thickness of
the covering layer 13 is properly adjusted by changing the
film forming conditions such as the dimension or shape of the
region R and the supply amount and the like of the material
gas.
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FIG. 19 depicts a state that the covering layer 13 is formed
on the entire surface of the substrate 20 on which the bundle
structure 12 of the carbon nanotubes 11 is formed. The fol-
lowing manufacturing processes are similar to those in the
foregoing first embodiment. The carbon nanotube sheet 10 is
obtained by cutting the portion on the inside of the region R.

Hereinafter, a preferred third embodiment of the method of
manufacturing the carbon nanotube sheet 10 will be
described with reference to FIGS. 20 and 21.

In the manufacturing method of the embodiment, the pat-
tern of the catalyst layer formed in the process of FIG. 9 is
different from that of the first embodiment. In the third
embodiment, the dimension of the substrate 20 is larger than
that of the first embodiment.

In the embodiment, as depicted in FIG. 20, catalyst layers
21a, 215, and 21c¢ are formed on the substrate 20 so as to
provide regions R in which no carbon nanotubes 11 are
formed. Since there is no catalyst layer in the part of the
region R, the carbon nanotubes 11 are not formed on the
substrate 20. The catalyst layers 21a, 215, and 21c¢ are selec-
tively formed on predetermined regions of the substrate 20 by
using, for example, the lift-off method.

Next, as depicted in FIG. 21, the carbon nanotubes 11 are
grown using the catalyst layers 21a, 215, and 21c¢ as catalysts
by, for example, hot-filament CVD. On the substrate 20, a
plurality of carbon nanotubes 11 oriented in the normal direc-
tion of the substrate 20 (vertical orientation) are formed in the
parts in which the carbon layers 21a, 215, and 21¢ are pro-
vided. On the other hand, no carbon nanotube 11 is formed in
the regions R.

The following manufacturing processes are similar to
those in the foregoing second embodiment.

Hereinafter, an embodiment of a method of manufacturing
the electronic device 30 will be described with reference to
FIGS. 22 to 24.

First, as depicted in FIG. 22, the semiconductor device 32
is mounted over the circuit board 31 made of a synthetic resin
via the solders 35.

Next, as depicted in FIG. 23, the carbon nanotube sheet 10
is mounted over the semiconductor device 32. The carbon
nanotube sheet 10 is a thermal conduction sheet used as a
thermal interface material. FIG. 23 depicts the case of using
the carbon nanotube sheet depicted in FIG. 3, but the inven-
tion is not limited to the case. For example, the carbon nano-
tube sheet depicted in FIG. 5 may be used.

As depicted in FIG. 24, an organic sealant for forming a
joining part to fix the heat spreader 33 is applied on the circuit
board 31 and, after that, the heat spreader 33 is put on the
semiconductor device 32 on which the carbon nanotube sheet
10 is mounted.

Subsequently, heat treatment is performed in a state where
a predetermined load is applied to the heat spreader 33 to
reflow the carbon nanotube sheet 10. In the carbon nanotube
sheet 10, in a state where a load of, for example, 0.25 MPa is
applied, heat treatment of, for example, 195° C. for ten min-
utes is performed.

By the heat treatment, the thermoplastic resin forming the
filling layer 14 in the carbon nanotube sheet 10 is melted to a
liquid state, and the carbon nanotube sheet 10 is deformed so
as to be fit along the uneven shape of the surface of the
semiconductor device 32 and the heat spreader 33. In the
carbon nanotubes 11 in the carbon nanotube sheet 10,
restraint by the filling layer 14 is loosened, and the ends of the
carbon nanotubes 11 are coupled to the semiconductor device
32 and the heat spreader 33 without the filling layer 14.

By providing the covering layer 13, the mechanical
strength of the carbon nanotubes 11 can be increased. It can
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increase the mechanical strength of the bundle structure 12 of
the carbon nanotubes 11, and the load tolerance of'the carbon
nanotube sheet 10 can be improved. Consequently, in the
reflow process, even in the case where an excessive load is
applied to the heat spreader 33, it can be suppressed that the
bundle structure 12 of the carbon nanotubes 11 in the carbon
nanotube sheet 10 is pressed and deformed to a thin film state.

With the configuration, even in the case where an excessive
load is applied to the heat spreader 33 in the reflow process,
the plurality of carbon nanotubes 11 included in the bundle
structure 12 can be loosened so as to fit the uneven shape of
the surface of the semiconductor device 32 and the heat
spreader 33. Therefore, the number of carbon nanotubes
coupled to the semiconductor device 32 and the heat spreader
33 without the filling layer 14 can be increased, and a thermal
conduction path formed by the carbon nanotubes 11 between
the semiconductor device 32 and the heat spreader 33 can be
made thick. As a result, in the carbon nanotube sheet 10, the
thermal resistance between the semiconductor device 32 and
the heat spreader 33 can be suppressed to be low.

The load in the reflow process may be in a load range in
which the carbon nanotubes 11 on which the covering layer
13 is formed are slackened so as to be fit to the uneven shapes
existing in the surface of the semiconductor device 32 and the
heat spreader 33 and, therefore, obtain a sufficient contact
state with the semiconductor device 32 and the heat spreader
33.

Itis sufficient to select the temperature and time of the heat
treatment so that the thermoplastic resin interposing between
the semiconductor device 32 and the heat spreader 33 melts
and shifts and the ends ofthe carbon nanotubes 11 are coupled
to the semiconductor device 32 and the heat spreader 33
without the filling layer 14.

The circuit board 31 and the like are cooled down to the
room temperature to solidify the thermoplastic resin in the
filling layer 14, and fix the heat spreader 33 to the circuit
board 31 by the joining part 34 to thereby obtain the electronic
device 30 depicted in FIG. 2. The thermoplastic resin
expresses adhesiveness, and the semiconductor device 32 and
the heat spreader 33 can be adhered and fixed by the carbon
nanotube sheet 10.

Although the circuit board 31 and the semiconductor
device 32 are thermally expanded by the heating in the reflow
process, the thermal expansion coefficient of the circuit board
31 formed by the synthetic resin is larger than that of the
semiconductor device 32.

Consequently, in the cooled electronic device 30, due to the
difference in the thermal expansion coefficient between the
circuit board 31 and the semiconductor device 32, the semi-
conductor device 32 is deformed in a shape curved upward
toward the heat spreader 33. The part of the circuit board 31
joined to the semiconductor device 32 via the solders 35 is
also similarly deformed to the shape curved upward.

As described above, as the semiconductor device 32 is
deformed, the distance between the semiconductor device 32
and the heat spreader 33 becomes non-constant. The carbon
nanotube sheet 10 disposed between the semiconductor
device 32 and the heat spreader 33 is compressed in the
thickness direction. Since the semiconductor device 32 is
deformed so as to be curved upward, the center part in the
carbon nanotube sheet 10 is largely deformed so as to be
compressed more than the peripheral part. Consequently, the
thickness of the center part of the carbon nanotube sheet 10,
which is constant in the beginning, becomes smaller than in
the peripheral part.

In the carbon nanotube sheet 10, the thickness of the cov-
ering layer 13 in the part where the distance between the heat
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spreader 33 and the semiconductor device 32 is long is larger
than that of the covering layer 13 in the part where the dis-
tance between the heat spreader 33 and the semiconductor
device 32 is short. The elastic modulus in the thickness direc-
tion of the carbon nanotube sheet 10 is adjusted by the thick-
ness of the covering layer 13, and is set so that the stress in the
thickness direction in the plane of the deformed carbon nano-
tube sheet 10 becomes constant.

Accordingly, the stress in the thickness direction in the
plane of the deformed carbon nanotube sheet 10 becomes
almost constant. Therefore, the contact pressure between the
carbon nanotube 11 and the semiconductor device 32 or the
heat spreader 33 in the center part and that in the peripheral
part in the deformed carbon nanotube sheet 10 are almost the
same. Consequently, thermal resistance between the carbon
nanotube 11 and the semiconductor device 32 or the heat
spreader 33 becomes almost constant in the plane direction of
the deformed carbon nanotube sheet 10, so that the thermal
conduction becomes constant.

Therefore, the electronic device 30 having the carbon
nanotube sheet 10 whose thermal conduction in the plane is
constant has excellent heat dissipation property.

In the specification, the expression that the stress in the
thickness direction in the plane of the carbon nanotube sheet
10is constant refers to the state where the stress ratio as a ratio
between stress in a part where the deformation amount in the
thickness direction is maximum and stress in a part where the
deformation amount is minimum is in the range 0f 0.5 to 1.0.
When the stress ratio is 0.5 or higher, the contact pressure
between the carbon nanotube 11 and the semiconductor
device 32 or the heat spreader 33 becomes uniform, and it
assures that the thermal conduction in the plane direction is
constant. From this viewpoint, the stress ratio is more prefer-
ably 0.7 or higher. More preferably, the stress ratio is 0.8 or
higher.

Also after cooling to the room temperature, by the
deformed carbon nanotube sheet 10, low thermal resistance
between the semiconductor device 32 and the heat spreader
33 can be maintained. Thus, the carbon nanotube sheet 10
functions as a thermal interface material between the semi-
conductor device 32 and the heat spreader 33.

In the present invention, the sheet structure, the method of
manufacturing the sheet structure, the electronic device, and
the method of manufacturing the electronic device of the
foregoing embodiments can be properly changed without
departing from the gist of the invention. The components of
any of the embodiments can be properly applied to another
embodiment.

For example, although the semiconductor device is curved
toward the heat spreader in the electronic device of the fore-
going embodiment, the semiconductor device may be curved
toward the circuit board. In the case where the thermal expan-
sion coefficient of the circuit board is smaller than that of the
semiconductor device, the semiconductor device may be
deformed as described above. When the semiconductor
device is deformed so as to be curved toward the circuit board,
the peripheral part in the carbon nanotube sheet is largely
deformed so as to be compressed in the thickness direction
more than that in the center part.

In this case, by setting the thickness of the covering layer in
the center part of the carbon nanotube sheet to be larger than
that in the peripheral part, the stress in the sheet plane can be
made uniform.

All examples and conditional language recited herein are
intended for pedagogical purposes to aid the reader in under-
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standing the invention and the concepts contributed by the
inventor to furthering the art, and are to be construed as being
without limitation to such specifically recited examples and
conditions, nor does the organization of such examples in the
specification relate to a showing of the superiority and infe-
riority of the invention. Although the embodiments of the
present invention have been described in detail, it is to be
understood that the various changes, substitutions, and alter-
ations are possible without departing from the spirit and
scope of the invention.

What is claimed is:

1. A sheet structure comprising:

a bundle structure including a plurality of linear structures
made of carbon which are oriented in a predetermined
direction;

a covering layer covering each of the plurality of linear
structures made of carbon; and

a filling layer provided between the plurality of linear
structures made of carbon covered with the covering
layer,

wherein thickness of the covering layer is not uniform in a
direction crossing the predetermined direction and

thickness of the sheet structure is not constant, and
the thickness in the direction crossing the predetermined
direction of the covering layer in a part where the sheet
structure is thicker is larger than that of the covering
layer in a part where the sheet structure is thinner.
2. The sheet structure according to claim 1, wherein elas-
ticity is provided in reaction to deformation given in the
predetermined direction.
3. The sheet structure according to claim 1, wherein ther-
mal conductivity of the covering layer is higher than thermal
conductivity per unit area of the bundle structure.
4. The sheet structure according to claim 1, wherein surface
density of the linear structures made of carbon in the bundle
structure is 1x10*° or larger.
5. An electronic device comprising:
a heat generating member;
a heat dissipating member; and
a sheet structure including
a bundle structure including a plurality of linear struc-
tures made of carbon which are oriented in a prede-
termined direction;

a covering layer covering each of the plurality of linear
structures made of carbon; and

a filling layer provided between the plurality of linear
structures made of carbon covered with the covering
layer,

wherein thicknesses of the covering layers are not uni-
form in a direction crossing the predetermined direc-
tion, and the sheet structure is disposed between the
heat generating member and the heat dissipating
member and

distance between the heat generating member and the heat
dissipating member is not constant, and

the thickness in the direction crossing the predetermined
direction of the covering layer in a part where distance
between the heat dissipating member and the heat gen-
erating member is longer is larger than that of the cov-
ering layer in a part where the distance between the heat
generating member and the heat dissipating member is
shorter.



